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A tobacco etch virus (TEV)-based expression vector has been used for insertion of several ORFs derived from the
unrelated beet yellows virus (BYV). Hybrid TEV variants expressing the BYV capsid protein, 20-kDa protein, or HSP70
homolog systemically infected Nicotiana tabacum and stably retained BYV sequences. In contrast, insertion of the ORF
encoding BYV leader proteinase (L-Pro) resulted in severely impaired systemic transport and accumulation of recombinant
TEV. Progeny of this virus underwent various deletions affecting the L-Pro sequence and mitigating the defects in virus
spread. Model experiments involving several spontaneous and engineered mutants indicated that the central domain of
BYV L-Pro was responsible for the defect in hybrid virus accumulation, whereas full-size L-Pro was required for maximal
debilitation of systemic transport. Strikingly, BYV L-Pro expression did not debilitate systemic infection of hybrid TEV in
Nicotiana benthamiana plants. No major defects in replication or encapsidation of recombinant RNA were revealed in N.
tabacum protoplasts. These results indicated that BYV L-Pro specifically interfered with TEV systemic transport and accumu-
lation in a host-dependent manner and suggested a potential utility of closterovirus L-Pro as an inhibitor of potyvirus
infection. In addition, it was demonstrated that the 107-amino-acid-residues-long N-terminal part of the TEV helper component
proteinase is not essential for systemic infection. q 1997 Academic Press
INTRODUCTION interaction with the plant cytoskeleton (Karasev et al.,
1992), experimental support for this hypothesis is yet to
Beet yellows closterovirus (BYV) and tobacco etch po- be provided. In general, functional studies of clostero-
tyvirus (TEV), employed in this study, belong to two evolu- virus proteins are impeded by a restriction of virus spread
tionarily remote lineages of positive-strand RNA viruses to phloem tissues and by the difficulty of working with
(Koonin and Dolja, 1993). While our understanding of the large RNA genomes that have very low or no infectivity
molecular processes underlying the potyvirus life cycle upon mechanical inoculation of host plants (Dolja et al.,
is rapidly progressing (e.g., Klein et al., 1994; Cronin et 1994). The expression of several closterovirus proteins
al., 1995; Wang and Maule, 1995; Pirone and Blanc, 1996), is further downregulated at the level of subgenomic RNA
closterovirus molecular biology is only just entering its production (Dolja et al., 1990; Hilf et al., 1995; Navas-
‘‘postsequencing era’’ (Dolja et al., 1994; Klaassen et al., Castillo et al., 1997). In contrast, potyviruses produce all
1996). Analysis of several closterovirus genomes re- proteins in equimolar amounts in the form of a polypro-
vealed putative methyltransferase, RNA helicase, and tein that is processed by three viral proteinases (Dou-
RNA polymerase domains common for replication-asso- gherty and Carrington, 1987; Dougherty and Semler,
ciated proteins of Sindbis-like viruses and papain-like 1993).
leader proteinase (L-Pro) similar to the potyvirus helper To take advantage of the demonstrated ability of poty-
component proteinase (HC-Pro) (Agranovsky et al., 1994; viruses to express foreign protein in a completely pro-
Karasev et al., 1995; Klaassen et al., 1995). It was found cessed form (Dolja et al., 1992; Carrington et al., 1993),
that closteroviruses possess two related capsid proteins we recruited TEV for production of individual BYV pro-
(CPs), major CP and minor CP, forming unusual ‘‘tailed’’ teins in systemically infected plants. Characterization of
filamentous particles (Boyko et al., 1992; Agranovsky et several TEV-BYV hybrids revealed that expressed BYV
al., 1995; Febres et al., 1996). A true hallmark of the proteins had only moderate effects on systemic infection.
closterovirus group is a gene coding for a homolog of In contrast, BYV L-Pro was found to be a potent host-
cellular molecular chaperones from the HSP70 family dependent inhibitor of potyvirus spread and accumula-
(HSP70h, Agranovsky et al., 1991a; Karasev et al., 1996; tion.
Klaassen et al., 1995). Although it was suggested that
MATERIALS AND METHODSBYV HSP70h functions in virus cell-to-cell movement via
Virus, RNA, primers, plasmids, and cell cultures
The Californian isolate of BYV was obtained from Bryce1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (541) 737-3573. E-mail: doljav@bcc.orst.edu. W. Falk (University of California, Davis); virus and viral
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RNA were purified as described (Karasev et al., 1989). used were verified by nucleotide sequencing of the insert
regions.All plasmids were propagated in Escherichia coli HB101.
The nucleotide sequences of numerous primers used for
PCR amplification of TEV or BYV sequences, as well as Analyses of the recombinant viruses
for RT/PCR analysis, mutagenesis, and nucleotide se-
In vitro generation of capped RNA transcripts usingquencing, are available upon request. The construction
BglII-linearized plasmid DNA and SP6 RNA polymeraseand nucleotide sequence of the pTEV-NH vector used in
(Ambion), manual inoculation of N. tabacum cv. Xanthithis study are described elsewhere (Dolja et al., manu-
nc or Nicotiana benthamiana plants, and immunoblotscript in preparation).
analysis have been performed as described (Dolja et al.,The suspension culture of Nicotiana tabacum cv. ‘‘Xan-
1993). The anti-BYV serum used in 1:1000 dilution wasthi nc’’ cells developed by D. Facciotti (Calgene, Inc.),
a generous gift of Bryce W. Falk. Antigen-coated plate-and referred to here as the DF line, was obtained from
ELISA (Hampton et al., 1992) was used to determine virusC. Robertson (William O. Dawson laboratory, University
accumulation in N. tabacum and N. benthamiana plantsof Florida).
infected by TEV or its recombinant derivatives.
N. tabacum cv. Xanthi nc cell line DF was maintained
Plasmid constructions and protoplasts were prepared as described by Skuzeski
et al. (1990) for line BY2. Samples of 3 1 106 protoplastsThe nucleotide sequences encoding BYV HSP70h, CP,
in 0.6 ml of solution containing 200 mM mannitol, 10 mM20-kDa protein (p20), and L-Pro were amplified using
NaCl, 4 mM CaCl2 , 10 mM HEPES, pH 7.2, and 120 mMreverse transcription/PCR (RT/PCR) and BYV RNA as a
KCl were subjected to electroporation in ice-cold 0.4-template. A 10-ml aliquot of the 20-ml RT reaction (Super-
cm-gap cuvettes (Invitrogen) by discharge of a 500-mFScript II RT was from Gibco-BRL) was added to 100 ml
capacitor charged to 300 V using an Invitrogen Electro-PCR cocktail (Taq DNA polymerase and Taq Extender
porator II. Twenty-microliter aliquots of capped RNA tran-were from Stratagene); reactions were carried out ac-
scripts (1 mg/ml) were used for each electroporation.cording to the manufacturers’ protocols. The flanking re-
The cells were kept on ice for 15 min, washed once withstriction endonuclease sites were added to amplification
5 ml of wash solution (420 mM mannitol, 12.5 mM sodiumproducts by inclusion into PCR primers. The pairs of sites
acetate, pH 5.8, 5 mM CaCl2), and finally resuspendedused to insert the BYV ORFs into pTEV-NH polylinker
in 2 ml of modified wash solution containing 265 mMwere SacII and KpnI for the CP, p20, and L-Pro ORFs,
mannitol, 10% coconut water (Gibco-BRL), and 10 mg/mlwhereas SacII and MluI sites were used for insertion of
gentamycin sulfate (Jersey Lab) and incubated in a darkHSP70h ORF.
chamber at 257 for 3 days. Protoplasts were harvestedThe same approach was used to generate pTEV-CL
by centrifugation and the RNA samples were preparedexpressing the central domain of BYV L-Pro (codons from
using TRIZOL reagent (Gibco-BRL) according to the man-176 to 472), pTEV-NCL, harboring both N-terminal and
ufacturer’s protocol. The Northern analysis was con-central L-Pro domains (codons from 1 to 472), and pTEV-
ducted as described (Sambrook et al., 1989); the 32P-CCL, expressing central and C-terminal L-Pro domains
labeled DNA probe corresponding to the TEV HC-Pro(codons from 176 to 580) (the numbering of BYV codons
coding sequence (Allison et al., 1986) was prepared us-and nucleotides was according to Agranovsky et al.,
ing the Renaissance random primer extension system1994).
(DuPont NEN). After the hybridization, the nitrocelluloseThe analysis of the progeny of recombinant TEV vari-
membranes were autoradiographed and cut, and the ra-ants was conducted via RT/PCR amplification of the BYV
dioactivity in the stripes corresponding to each lane ofinsert region using total RNA isolated from infected
the original gel was determined using a Beckman LS6500plants. The first primer, 5*-CGGGATCCTGTGAATGGA-
scintillation counter. The isolation of partially purified TEVGCTTG-3*, was complementary to TEV nucleotides from
virions from the transfected protoplasts and isolation of1441 to 1456 (Allison et al., 1986), while the second
the RNA from virions were done as described previouslyprimer, 5*-TAGGATCCATGTTGGTGGATGCTCG-3*, cor-
for TEV-infected leaf tissue (Dolja et al., 1993).responded to TEV nucleotides from 997 to 1015. Both
primers incorporated a BamHI site that can be used for
RESULTSsubsequent cloning of the PCR products. The protocol
of construction of the full-length cDNAs corresponding Infection phenotypes of TEV recombinants expressing
to L-D1 and L-D4 spontaneous mutants using RT/PCR different proteins of BYV
products and pTEV-NH is available upon request. The
DD1 mutant was generated by ‘‘loop-out mutagenesis’’ The pTEV-NH vector (Fig. 1) harboring the histidine
tag, polylinker site, and artificial NIa-proteinase cleavage(Kunkel et al., 1987) of the intermediate plasmid con-
taining the XbaI– XbaI fragment from the cDNA clone of site has been used for insertion of four different ORFs
derived from BYV. Release of the BYV proteins from poly-L-D1 mutant. The identities of all full-length cDNA clones
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FIG. 1. Cloning of the four BYV ORFs into the gene expression vector pTEV-NH. The map of TEV cDNA flanked with the SP6 RNA polymerase
promoter and the unique BglII restriction site used for plasmid linearization prior to in vitro transcription is shown at the top. The arrows designate the
cleavage sites recognized by P1 proteinase and HC-Pro (curved) and NIa proteinase (straight). The modified region of pTEV-NH that accommodated a
histidine tag, polylinker, and artificial NIa proteinase recognition/cleavage site is shown in the middle of the figure. The nucleotide sequences
modified in pTEV-NH with respect to wild-type TEV will be presented elsewhere (Dolja et al., manuscript in preparation).
protein relied on the activities of two virus-encoded pro- sive leaf vein clearing characteristic of the early stages
of TEV infection, only a few occasional chlorotic spotsteinases, P1 and NIa (Fig. 1).
The inoculation of RNA transcripts of pTEV-NH bearing appeared on some of the noninoculated leaves, as late
as 17 days postinoculation (Table 1). If the infected plantsno foreign insert into test plants of N. tabacum cv. Xanthi
nc resulted in infection indistinguishable from that were propagated for 2–4 additional weeks, the newly
emerging leaves often started to display symptoms thatcaused by unmodified TEV (Table 1). Somewhat attenu-
ated systemic symptoms were produced when BYV CP varied on individual plants from chlorotic mosaic to mas-
sive vein clearing and etching. These evolutions in theor HSP70h were inserted into the TEV polyprotein en-
coded by the pTEV-NH vector (Table 1). TEV-driven ex- infection phenotype suggested that TEV expressing BYV
L-Pro underwent genetic rearrangements in a course ofpression of the 20-kDa protein encoded in BYV ORF 7
(p20; Agranovsky et al., 1991b) resulted in similar symp- prolonged systemic infection.
The levels of virus accumulation estimated by ELISAtoms at early stages of systemic infection, whereas chlo-
rotic mosaic appeared at the later stage. The timing of in systemic leaves of tobacco varied among different TEV
recombinants to a great extent. The TEV expressing BYVinfection showed a 1- to 3-day delay for these interviral
hybrids compared to that of TEV-NH (Table 1). p20 accumulated to the highest level, comparable to that
of the parental TEV-NH (Fig. 2A), whereas the levels ofA dramatically different infection phenotype was ob-
served when the ORF encoding BYV L-Pro was ex- TEV hybrids harboring BYV CP and HSP70h inserts
reached ca. 35 and 15% of the TEV-NH level, respectively.pressed by recombinant TEV variant. Instead of the mas-
TABLE 1
Pathogenic Properties of RNA Transcripts Derived in Vitro from Recombinant pTEV-NH Variants
and Inoculated into N. tabaccum cv. Xanthi nc Plantsa
Number of inoculated/ Symptom appearance
Insert name infected plants (dpi)b Phenotype of disease
None 4/4 5 Vein clearing, etching
CP 5/5 6 Attenuated vein clearing
p20 6/6 6 Vein clearing, chlorotic mosaic
HSP70h 4/4 8 Attenuated vein clearing
L-Pro 4/4 17–18 Occasional chlorotic spots
a Data from one representative experiment. At least three experiments were conducted with each RNA transcript.
b dpi, days postinoculation.
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FIG. 2. Accumulation of the TEV hybrids harboring BYV ORFs coding for p20, CP, HSP70h, and L-Pro in plants of N. tabacum (A) and N. benthamiana
(B) expressed as a percentage of the accumulation of parental virus derived from pTEV-NH. For each variant, the levels of TEV were determined
by ELISA in four samples from individual infected plants; the bars represent standard deviations. The samples were collected from developmentally
equivalent noninoculated symptomatic leaves at 3 weeks postinoculation.
Interestingly, the relative yield of the recombinant virus duced vein clearing in noninoculated leaves at 9 days
postinoculation. It was found that the levels of virus accu-expressing the 65-kDa HSP70h was virtually identical to
that of TEV expressing 67-kDa b-glucuronidase (Dolja et mulation reached ca. 20% of that of the parental TEV-NH
for both hybrid viruses (Fig. 2B). These results demon-al., 1993). These data indicated relatively moderate ef-
fects of three different BYV inserts on systemic spread strated that expression of BYV L-Pro had a strong inhibi-
tory effect on systemic transport and yield of TEV in N.and indicated the accumulation of hybrid TEV variants.
In contrast, expression of the 66-kDa L-Pro of BYV tabacum but not in N. benthamiana plants.
severely affected the yield of the recombinant virus,
which reached only about 1% of the TEV-NH level (Fig. Genetic stability of interviral hybrids
2A). To quantify this latter hybrid accumulation, only
those fragments of leaves harboring sparse symptomatic Due to the high recombination potential of plant RNA
viruses, foreign inserts can undergo spontaneous rear-areas were collected for ELISA. Despite this bias, the
ELISA readings were close to the limit of the method’s rangements in a course of systemic infection (reviewed
in Simon and Bujarski, 1994; Scholthof et al., 1996). Al-sensitivity. On the other hand, the presence of hybrid
virus in noninoculated leaves was unequivocally demon- though TEV expressing b-glucuronidase was found to be
relatively stable, prolonged propagation of that chimerastrated by RT/PCR (Fig. 4B) and by immunoblot analysis
of symptomatic leaf tissue (not shown). Taken together, reproducibly led to a variety of deletions overlapping the
insert and adjacent HC-Pro sequence (Dolja et al., 1992,the obtained data demonstrated a strong inhibitory effect
of the L-Pro insert on TEV long-distance transport and 1993).
The most extensive study of the genetic stability ofaccumulation.
Since N. tabacum cv. Xanthi nc is a host for TEV, but TEV-BYV recombinants was conducted using TEV ex-
pressing BYV CP. After initial inoculation of six individualnot BYV, while N. benthamiana is an experimental host
for both viruses (V. V. Dolja, unpublished observations), N. tabacum plants with corresponding RNA transcripts,
virus was propagated for 2 weeks and transferred to sixit seemed interesting to test the properties of selected
TEV-BYV chimeras using N. benthamiana plants. Strik- fresh tobacco plants by sap inoculation. This procedure
was repeated four more times; at the end of the experi-ingly, the time course and phenotype of disease caused
by TEV expressing BYV HSP70h and L-Pro were indistin- ment, the interviral hybrid had been propagated in plants
for a total of 90 days. RT/PCR analysis using RNA isolatedguishable in N. benthamiana; both interviral hybrids in-
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tact L-Pro insert in all five tested plants (data not shown).
This result demonstrated that the dramatic increase in
virus invasiveness in N. benthamiana, as compared to
N. tabacum plants, was not due to a genetic rearrange-
ment of the interviral hybrid.
Spontaneous and engineered mutants expressing
fragments of BYV L-Pro
Five spontaneous deletion variants (L-D1 to L-D5, for
L-Pro Deletion) originating from individual infected plants
were further analyzed by nucleotide sequencing of the
corresponding RT/PCR products. Figure 5 shows that
mutants L-D2 and L-D5 lost most of the L-Pro sequence,
whereas three other mutants retained substantial frag-
FIG. 3. Assessment of the genetic stability of TEV expressing BYV ments of L-Pro ranging from 118 to 175 amino acid resi-
CP by RT/PCR (A) and immunoblot (B) analyses. The recombinant virus
dues in length. The L-D1 and L-D2 mutants lacked 107was propagated in N. tabacum plants. (A) RT/PCR using total RNA
and 50 HC-Pro codons, respectively. In no cases, how-from mock-inoculated (lane M, negative control) or infected plants (all
numbered lanes). The RNA transcripts used for plant inoculation served ever, did deletions overlap the P1 proteinase coding re-
as a positive control in RT/PCR analysis (lane T). The products of RT/ gion, supporting earlier conclusions that the C-terminus
PCR were separated in a 1% agarose gel and stained with ethidium of that protein or cleavage between P1 and the rest of
bromide. Numbered lanes correspond to RNAs from individual infected
polyprotein is critical for virus viability (Verchot and Car-plants. S, DNA size markers. (B) Immunoblot analysis using anti-BYV
rington, 1995). Neither clustering of deletion end pointsserum of the BYV CP in purified BYV virions (lane CPBYV) or in plants
infected with TEV expressing BYV CP. The samples were analyzed in nor similarity in the flanking sequences could be found.
15% SDS–PAGE. The protein extracts were prepared from noninocu- All deletions were contiguous, suggesting involvement
lated leaves of six individual plants during the fifth virus passage, 90 of only one recombination event in their generation.
days postinoculation.
Further analysis of the selected L-Pro mutants was
conducted using cloned cDNA. This approach allowed
us to exclude the possible influence of mixed viral popu-from infected plants demonstrated that the BYV CP insert
lations generated in plants via spontaneous mutagene-remained intact in each of six individual lineages (Fig.
sis. Regions overlapping the deletions of mutants LD-13A). Likewise, immunoblot analysis revealed the pres-
ence of the full-size, completely processed BYV CP in all
six plants from a fifth passage of hybrid virus (Fig. 3B).
Somewhat slower migration of recombinant BYV CP in
comparison to wild-type protein (cf. Fig. 3B, lane CPBYV
and lanes 1–6) was due to the addition of the histidine
tag and NIa proteinase recognition site to CP N- and C-
termini, respectively.
A limited analysis also revealed stable retention of
the BYV HSP70h gene inserted into the pTEV-NH vector
during at least two subsequent virus passages in N. taba-
FIG. 4. Assessment of genetic stability of the TEV hybrids expressingcum plants (Fig. 4A, and data not shown). In the case of
BYV HSP70h and L-Pro by RT/PCR analysis using total RNA prepara-TEV expressing BYV L-Pro, the foreign insert was intact
tions from infected N. tabacum plants. S, DNA size markers, M, RNA
in virus progeny recovered from inoculated N. tabacum from mock-inoculated plant (negative control); W, RNA from plant inocu-
leaves 4 weeks postinoculation (Fig. 4B, lane 2, and data lated by wild-type TEV. (A) Analysis of retention of the HSP70h insert
using RT/PCR and the following templates: lane 1, in vitro generatednot shown). At that time, the insert was also retained in
RNA transcript (positive control); lane 2, RNA from transcript-inoculatednoninoculated leaves of the majority, but not all, of the
leaf; lanes 3 and 4, RNAs from noninoculated uppermost leaves of twoplants tested (e.g., Fig. 4B, lanes 3–5). In contrast, virtu-
individual plants 6 weeks postinoculation; lane 5, RNA from noninocu-
ally all uppermost leaves showing severe symptoms 6 lated leaf of the plant infected by progeny of the hybrid virus (second
weeks postinoculation exhibited various deletions re- virus passage). (B) Analysis of retention of the L-Pro-insert using RT/
PCR and the following templates: lane 1, in vitro generated RNA tran-moving substantial portions of the BYV insert (e.g., Fig.
script; lane 2, RNA from transcript-inoculated leaf; lanes 3 to 5, RNAs4B, lanes 6 and 7).
from the symptomatic leaves of the three individual plants 4 weeksThe N. benthamiana plants infected by TEV expressing
postinoculation; lanes 6 and 7, RNAs taken at 6 weeks postinoculation
BYV L-Pro were also subjected to RT/PCR analysis at 3 from uppermost symptomatic leaves of the two same individual plants
weeks postinoculation. The uppermost leaves exhibiting represented in lanes 4 and 5. The products of RT/PCR were separated
in a 1% agarose gel and stained with ethidium bromide.massive vein clearing contained hybrid virus with an in-
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mosaic symptoms that are unusual for TEV (Table 2).
Surprisingly, DD1 mutant was not only viable, but yielded
a robust infection with virtually wild-type symptoms (Ta-
ble 2). The level of DD1 virus accumulation exceeded
40% of that of parental TEV-NH, whereas the LD-1 virus
accumulated to only 4% (Fig. 6). These results indicated
that expression of the N-terminal fragment of L-Pro fused
with HC-Pro severely inhibited TEV accumulation without
markedly affecting the time course of virus systemic
movement. Furthermore, the results demonstrated that
the N-terminal domain of HC-Pro, representing almost 14
of the protein molecule, is dispensable for virus repro-
duction and spread in plants.
Study of the cloned L-D4 mutant, designed to answer
the second question, revealed that the expression of the
C-terminal fragment of BYV L-Pro had some inhibitory
effect on the systemic spread and level of TEV accumula-
tion (Table 2 and Fig. 6). However, the extent of inhibition
was much less dramatic than that of full L-Pro (ca. 20%
vs 1% of the wild-type level of accumulation, respectively;
cf. Figs. 2A and 6). Functionally, the C-terminal fragment
overlaps the papain-like proteinase domain of L-Pro
(Agranovsky et al., 1994). It seems important to mention
that although L-D1 and L-D4 accumulated to very differ-
ent levels, the timing of systemic infection was the same
in both cases, suggesting that the selection against re-FIG. 5. Partial genetic map of the recombinant TEV variant harboring
the BYV L-Pro ORF (TEV-L-Pro) showing spontaneous (below TEV-L- tention of the full L-Pro ORF was for the rate of long-
Pro) and engineered (above TEV-L-Pro) mutants thereof. The positions distance movement rather than for the level of virus accu-
of P1 proteinase and NIa proteinase-mediated cleavages are indicated mulation.
by arrows; the patterned rectangles show the polyprotein regions corre-
Expression of the central domain of L-Pro in engi-sponding to L-Pro. The numbers of retained L-Pro codons or missing
neered mutant CL resulted in relatively slow systemicHC-Pro codons are shown for all mutants. Asterisks denote the variants
for which biologically active full-length cDNA clones were engineered. infection with leaves exhibiting chlorotic spots rather
than the vein clearing typical of wild-type TEV (Fig. 5 and
Table 2). A very similar infection phenotype resulted from
and L-D4 were amplified by RT/PCR and inserted into inoculation of the constructed mutant NCL harboring the
pTEV-NH. The resulting constructs harbored the deletion N-terminal and central domains of L-Pro (Fig. 5 and Table
in the original genetic background and lacked any other 2). A mild yellow mosaic was observed 9 days postinocu-
second-site mutations that could be present outside the lation when the CCL mutant expressing the central and
insert region in the spontaneous variants. These and C-terminal L-Pro domains was inoculated into N. taba-
additional mutants generated in vitro (Fig. 5) were used cum plants (Fig. 5 and Table 2). The yield of hybrid vi-
to answer the following questions: (i) Does the N-terminal ruses was found to be extremely low, varying from 2 to
part of L-Pro replace any function of the large HC-Pro 5% of the wild-type level for these three TEV hybrids (Fig.
fragment lost in the L-D1 mutant?; (ii) What is the effect 6). It can be concluded from these results that the central
of the remaining C-terminal L-Pro fragment on systemic part of L-Pro is sufficient for suppression of hybrid virus
infection caused by the L-D4 mutant?; (iii) Does a central accumulation. However, the CL, NCL, and CCL variants
portion of BYV L-Pro that is deleted in all five mutants did not exhibit the dramatic delay in symptom appear-
have any specific inhibitory effect on TEV accumulation ance observed with TEV expressing L-Pro (Table 2). This
or spread?; (iv) Which L-Pro domains are required for suggests that the entire molecule of L-Pro is required for
suppression of the systemic spread and accumulation the maximal negative effect on the rate of virus systemic
of hybrid TEV? transport.
To address the first question, full-length cDNA harbor-
ing the L-D1 mutation was generated and further manipu- Replication and encapsidation of TEV recombinants in
lated to yield DD1 (for double deletion) derivative lacking N. tabacum protoplasts
all of the remaining 175 L-Pro codons (Fig. 5). Inoculation
of L-D1 transcripts into N. tabacum plants resulted in The effects of BYV protein expression on the replica-
tion of hybrid virus RNA were examined at the single-well-pronounced systemic infection with mild chlorotic
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TABLE 2
Pathogenic Properties of Several Mutant Derivatives of TEV-NH Expressing BYV L-Pro or Fragments Thereof in N. tabacuma
Number of inoculated/ Symptom appearance
Mutant name infected plants (dpi) Phenotype of disease
NH 3/3 5 Vein clearing, etching
L-Pro 3/3 15–17 Occasional chlorotic spots
L-D1 6/4 6 Mild chlorotic mosaic
DD1 6/5 5 Vein clearing, etching
L-D4 6/4 6 Attenuated vein clearing
CL 6/5 9 Chlorotic spots
NCL 4/4 9 Chlorotic spots
CCL 5/4 9 Mild yellow mosaic
a Data from one representative experiment. At least two experiments were conducted with each RNA transcript.
cell level using protoplasts isolated from N. tabacum cv. resulted in RNA accumulation exceeding 75% of that of
parental TEV-NH variant (Fig. 7A). Hybrid TEV variantsXanthi nc suspension cell line DF. The levels of RNA
accumulation were evaluated 3 days posttransfection us- expressing BYV L-Pro, or fragments thereof, replicated
to levels from ca. 50 to 75% of the wild-type level (Fig.ing Northern hybridization analysis. The replication-defi-
cient pTEV-VNN mutant (Carrington et al., 1993) was 7A). Similar results were obtained when accumulation
of TEV CP in transfected protoplasts was assessed byused as a negative control to determine the signal from
RNA transcripts introduced into cells via electroporation. Western analysis (data not shown). These results sug-
gested that the strong suppression in accumulation ofThis signal, which was less than 2% of that generated
by replication-competent, nonmodified pTEV-NH RNA the hybrid TEV variants expressing full-size BYV L-Pro or
its portions overlapping the central domain (CL and NCL;transcripts, was subtracted from all measurements. It
was found that the effects of various BYV-derived inserts cf. Figs. 2 and 7A) in whole plants was due to major
defects in processes other than RNA replication.on replication of recombinant viruses were unexpectedly
moderate. Indeed, TEV expressing BYV CP replicated to One of these processes could be RNA encapsidation.
Indeed, a defect in packaging of the recombinant RNAvirtually wild-type levels, whereas expression of HSP70h
could result in debilitation of virus accumulation and
spread in infected plants. To examine the RNA packaging
levels, partially purified virions were isolated from trans-
fected protoplasts, and corresponding RNA preparations
were subjected to Northern hybridization analysis. It was
revealed that the levels of encapsidated RNA were com-
parable for TEV variants harboring no insert or harboring
the BYV L-Pro insert (Fig. 7B). This result demonstrated
that the BYV RNA fragment coding for L-Pro did not inter-
fere with the assembly of the recombinant virions.
DISCUSSION
Depending on the insert, recombinant TEV variants
studied to date exhibited two drastically different patterns
of infection. The symptoms and timing of N. tabacum
infection caused by TEV expressing b-glucuronidase
(Dolja et al., 1992), or BYV proteins including CP, p20,
and HSP70h, were similar to one another and to wild-
type symptoms, indicating that a variety of foreign pro-
teins had no major effect on TEV systemic spread. Like-
wise, the yields of hybrid viruses showed relatively mod-
erate decreases in comparison to the yield of parental
FIG. 6. Accumulation of the spontaneous (L-D1 and L-D4) and TEV. Extremely late, sparse, and abnormal symptoms
engineered (DD1, CL, NCL, and CCL) TEV mutants in N. tabacum
marked a strikingly different infection phenotype elicitedplants compared to the accumulation of parental virus derived from
by TEV expressing BYV L-Pro. The level of virus accumu-pTEV-NH. The levels of virus were determined as described in the
legend to Fig. 2. lation in this case dropped by two orders of magnitude.
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FIG. 7. (A) Accumulation of recombinant TEV RNA variants in N. tabacum suspension culture protoplasts at 3 days after transfection with
corresponding RNA transcripts produced in vitro. The RNA levels were determined by Northern hybridization analysis and are expressed as a
percentage of the accumulation level of parental virus derived from pTEV-NH. (B) Encapsidation of the recombinant TEV RNA harboring L-Pro insert
compared to that of the RNA derived from parental pTEV-NH variant. The RNA samples were isolated from partially purified virions at 3 days after
transfection of protoplasts and subjected to Northern analysis. The data for each TEV variant shown in (A) and (B) represent a mean of four
independent transfections. Other designations are as described in the legends to Figs. 2 and 6.
A strong selection against retention of the BYV L-Pro by the analysis of mutations in TEV P1 proteinase (Ver-
chot and Carrington, 1995), HC-Pro (Dolja et al., 1993;ORF, leading to a consistent rise of spontaneous deletion
variants, indicated that TEV tolerance to foreign inserts Kasschau et al., 1997) and NIa proteinase (Schaad et al.,
1996) that debilitated virus amplification, but did not re-is not without its limits.
Interestingly, analysis of virus RNA accumulation in sult in a virus defective in long-distance transport.
Although the rate of cell-to-cell movement was nottransfected N. tabacum protoplasts revealed no major
defects for all of the tested TEV-BYV hybrids, including quantified in our experiments, the expansion of visible
symptomatic areas over the leaf indicated that CL, NCL,that expressing full-size BYV L-Pro. The L-Pro insert did
not significantly interfere with the packaging of the re- and CCL hybrids were competent in local spread. These
observations suggested that the ca. 50-fold decrease incombinant RNA. These results indicated that L-Pro-de-
pendent debilitation of systemic infection involved virus – hybrid virus accumulation was due, at least in part, to
debilitation of virus reproduction rather than only to localhost interactions at the whole plant level rather than at
the single-cell level. These interactions could involve or systemic spread defects. Since replication of hybrid
RNAs was not blocked in protoplasts, the observed effectcell-to-cell movement, long-distance transport, suppres-
sion of the plant defense response, or combinations could relate to a host defense reaction expressed at the
whole plant level.thereof.
Preliminary mapping of L-Pro regions essential for in- The decrease in the yield and in the rate of systemic
spread of hybrid virus expressing full L-Pro ORF sug-terference with TEV infection revealed that the central
region of L-Pro inhibited systemic virus accumulation gested that the overall suppression of infection could
involve the combined defects in neutralization of plantmost severely (Fig. 6), although the delay in symptom
appearance was less dramatic than that caused by full- defense mechanisms and in long-distance transport.
Each of these defects appears to be host-dependentsize L-Pro (Table 2). The TEV variants NCL and CCL
lacking C-terminal or N-terminal domains of L-Pro did since they were expressed in N. tabacum (BYV nonhost),
but not in N. benthamiana (BYV host).exhibit infection phenotypes similar to that of the CL vari-
ant. Taken together, these results suggested that a de- What is the molecular mechanism responsible for the
anti-TEV activity of the BYV L-Pro? One possibility impli-crease in the level of TEV amplification does not neces-
sarily result in a comparable decrease in the rate of cates an element of RNA structure interfering with one
or more of the viral functions. However, the absence ofsystemic movement. This conclusion is also supported
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major defects in replication or encapsidation of recombi- in-cis expression via gene vector may not necessarily be
the same as those of transgenic expression, the easenant RNA, as well as apparently random distribution of
deletion endpoints in spontaneous mutants, including of manipulation with recombinant virus offers a useful
alternative for initial screening of candidate genes.those located inside the TEV sequence, did not support
this suggestion. Although additional experimentation is
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